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ABSTRACT
A technique was developed to interpret GC-MS data from complex 
environmental samples. Two methods were combined into this technique. 
The first is a method to evaluate the occurrence of a given reference 
mass spectrum in an unknown GC-MS data set. The second is a method to 
optimize the use of gas chromatographic information via relative 
retention indices. The combination of these two methods provides a 
thorough, rapid technique to evaluate the potential of occurrence for 
any number of reference mass spectra and their associated retention 
indices.
INTERPRETATION OF GC-MS DATA BY REVERSE SEARCH 
AND RELATIVE RETENTION INDICES
INTRODUCTION
Gas chromatography-mass spectrometry (GC-MS) is a technique used 
to determine the identity and concentration of components present in 
complex mixtures of organic compounds. The gas chromatography 
employed in such analyses may produce several hundred separable peaks. 
Subsequent mass spectometry provides characterization of the compounds 
present in the gas chromatographic effluent. GC-MS analysis produces 
data on the retention time, and mass spectral (mass, intensity) 
characteristics of each compound present.
GC-MS data must be interpreted to provide meaningful results 
about the various compounds in a sample mixture. Gas chromatographic 
and mass spectral characteristics of a given compound are reproducible 
within limits. Compound identification requires that both GC 
retention and mass spectral parameters of the unknown compound match 
those of a standard compound. Identification by GC retention may be 
limited by the simultaneous or unresolvable elution of two or more 
compounds. Mass spectral identification is often limited by the 
similarity of fragmentation patterns in structural isomers. Ideally, 
GC-MS data analysis is only limited by the simultaneous elution of 
compounds with similar mass spectra. When this situation occurs, 
other methods of analysis must be employed.
Factors other than this theoretical limitation in GC-MS data 
interpretation provide far greater barriers to the complete 
interpretation of GC-MS data, especially from complex mixtures. As
2
3the number of compounds increases in a sample, the probability for 
overlapping elution from the GC column also increases. Simultaneous 
elution produces superimposed mass spectra which in turn increases the 
difficulty of mass spectral interpretation. Simultaneous elution of 
various compounds remains a significant problem despite the fact that 
modern GC-MS analysis incorporates the best available high resolution 
chromatography. The data produced from an hour long GC-MS analysis 
may require several days of manual interpretation. Thus, manual 
interpretation of GC-MS data is an inefficient and time consuming 
process for routine analyses.
Computer programs have been developed to assist in the 
interpretation of GC-MS data. The goals of such programs include 
reducing the time of analysis and increasing the success of 
identifications. Interpretative programs have in most cases been used 
on mass spectral information alone. With increasingly complicated 
applications of GC-MS analysis, efforts have been made to pair 
retention information with mass spectral data to increase the 
probability of correctly identifying a compound.
The first computer programs for GC-MS analysis were based on 
reduced spectra and simulated manual interpretative procedures. 
Significant features of an unknown spectrum are selected with various 
criteria. They may then be compared with a library of features 
selected from reference mass spectra. This strategy of comparing an
4unknown spectrum against known characteristics has in historical 
perspective become known as a ’forward search*.
Work in the field of computerized GC-MS analysis began with two 
papers co-authored by Crawford and Morrison (1,2). The concept 
presented in the first paper was to reduce unknown spectra to a small
set of most significant mass intensities for comparison against a
library of known spectra that had been reduced in similar fashion.
The second paper demonstrated that a mass spectrum may be classified 
according to chemical type via condensed mass spectra.
In their first approach Crawford and Morrison took the six 
largest peaks of an unknown spectrum and compared this subset with the 
six largest peaks from 3200 known spectra. The ten library compounds 
with the greatest similarity to the unknown spectra were reported as 
possible identifications for the unknown compound. (1) A major
problem with this concept is the frequent occurrence of an unknown
mass spectrum matching the mass spectra of more than one compound. In 
this case unpredictable results occur including misidentifications and 
elmination of the correct spectrum.
By summing fragment intensities of a mass spectrum at intervals 
of 14 mass units, Crawford and Morrison realized that the resulting 
condensed mass spectrum was often indicative of a compound’s 
functional group (2). This second strategy supposes that the 
compounds under investigation as a whole or in part contain saturated 
aliphatic chains, where 14 mass units signify the loss of CH2
5fragments. Difficulties with this method again relate to the 
simultaneous presence of an unknown number of spectra, leading to 
incorrect interpretation.
A number of scientists subsequently developed these concepts and 
combinations of these concepts for the purpose of identifying unknown 
spectra. Efficient use of computer time, number of elements versus 
success in identification, and determining the profile of the average 
condensed spectra for all functional groups were investigated. (3-7) 
Two later developments attempted to reduce the frequent problem of 
superimposed mass spectra. Dromey ^t al. (8 ) analyzed mass 
chromatogram peak shape, and Blaisdell trt al. (9) developed a method 
attempting to separate unknown mixtures of mass spectra into 
contributing sets.
In 1975, Abramson first pointed out that by reversing the 
traditional order of library and unknown comparison, the problem of 
mixed or superimposed spectra could be avoided (10). This strategy 
had been utilized in part by Pereira et^  al. (11), and Sweeley et al. 
(12). In 1976, factor analysis was shown to be applicable to GC-MS 
data interpretation by Ritter et al. (13). This promising technique 
is still under development for use in applied GC-MS data analysis.
If a mass spectrum is generated by the simultaneous presence of 
more than one compound, it represents the simple algebraic sum of all 
contributing spectral components at their respective concentrations 
(10). Identification of a known compound in an unknown spectrum would
6therefore require that all ions of the known spectrum be present in 
the unknown mass spectrum.
Pesyna et al. (14) presented a simple two step procedure to 
evaluate the contribution of a known mass spectrum in an unknown mass 
spectrum. Intensities of the unknown mass spectrum are divided by the 
corresponding relative intensities for all masses in the reference 
mass spectrum, yielding a series of normalized ratios expressed by the 
variable P below:
P = —  
m RIm
where I is unknown spectrum intensity, RI is known spectrum relative 
intensity, and the subscript m indicates the mass, specific for both 
unknown and reference mass spectrum. The smallest observed P value 
determines the relative number of times the reference spectrum could 
be removed from the unknown mass spectrum before a fragment required 
for the presence of a reference mass spectrum would be exhausted. The 
intensity of the reference spectrum in the unknown mass spectrum is 
then obtained by multiplication of the relative number of reference 
spectra found to fit in the unknown Pmin> by the sum of RI in each 
basic reference spectrum. This method assumes that at least one mass 
in the unknown spectrum is solely from the known compounds, and 
requires that all elements of the known be present in the unknown mass 
spectrum. The authors describe a number of additional factors to 
compensate for distortions in mass spectra from various instruments. 
The purpose of their study was to test large numbers of known mass
spectra for their possible occurrence in GC-MS data with utmost 
efficiency.
Gas chromatography (GC) is by itself a powerful analytical 
method. Separation of a complex mixture by GC leads to the elution of 
the various components at various points in time. Retention time is 
subject to variations in chromatographic parameters, thus retention 
data are usually modified from absolute retention times (injection to 
elution) and are referred to as relative retention indices. Kovats 
(15) found that by measuring the locations of eluting peaks in a gas 
chromatogram relative to a series of n-alkane marker compounds, the 
effects of variations in absolute retention are minimized. Such 
retention markers are either coinjected or they may be ubiquitous and 
clearly identifiable. Any point on the chromatogram that falls within 
the range of the markers may be expressed via a relative retention 
index (RRI), adequately defined for linear temperature programming by
RRI =
(tx ~ ^n) x 100
(tn+l ” fcn)
+ lOOn
n = number of carbon atoms in n-alkane marker, (tx-tn ) = 
retention time difference between unknown and nearest marker with 
tn^tx* (tn+l “ fcn) = retention time difference of the nearest marker 
compounds to the unknown.
A relative retention index system will be most accurate if both 
retention markers and unknown have very similar chromatographic
8behavior. Bieri (16) and Lee (17) found it necessary to define an 
aromatic retention index (ARI) system for work with aromatic 
compounds. Within one type of compound, the choice of markers is not 
critical for a retention index system, although a standardized system 
would facilitate interlaboratory comparison of results. The ARI 
system described by Bieri used 7 markers (naphthalene, biphenyl, 
phenanthrene, chrysene, pyrene, perylene and benzo(ghi)perylene) that 
are given retention indices of 0 , 100, 200,...600, respectively.
Recognizing the importance of gas chromatography, Blaisdell and 
Sweeley (18) developed a GC-MS data interpretive program that 
incorporated RRI as an identifying parameter. This program observed 
the characteristic retention of the reference compounds under 
analysis, and only considered such compounds in their possible
retention zones. Each unknown mass spectrum was best accounted for
with linear combinations of the reference mass spectra under 
consideration. The result of this analysis was the printing of 
concentrations for up to ten library compounds for each unknown 
spectrum.
Expression of an observed mass spectrum by linear combinations of 
reference mass spectra takes the form of:
MS(observed) = [MS(N) * C(N)] + [MS(M) * C(M)] + ___  [MS(un*) C(un)]
where MS(X) = [M(i)*RA(i)] + [M(j)*RA(j)] + [M(k) * RA(k)]...
(for X * reference mass spectrum N, M , ...) and
M(x) is any mass occurrence in the spectrum of compound (X)
9RA(x) is a relative abundance associated with M (x),
(for x * mass i,j ....)
C(X) is an absolute Intensity factor associated with MS(X)
MS(un) is unexplained mass spectrum
C(un) is intensity of unexplained mass spectrum
Blaisdell and Sweeley's approach was to adjust C(N), C(M),
C(L)... in order to minimize C(un). This concept is illustrated below 
in Figure 1.
Observed Mass Spectrum
iIntensity attributable 
* to Reference Mass Spectra
j. Unexplained Intensity
M
Time, in spectra
Figure 1. Diagram Illustrating the Strategy of Linear Combination 
of Reference Mass Spectra to Explain an Observed MS.
Success of this strategy requires prior knowledge of the 
compounds contributing to the observed mass spectrum. Approximately 
30,000 reference mass spectra have been established. Many essentially 
similar mass spectra occur in similar retention zones. Identification 
of a compound may be beyond the scope of a given GC-MS analysis under
10
these circumstances. The linear combination of mass spectra is a 
method to optimize the intrepretation of an observed mass spectrum 
with available data. The technique does have a drawback in that it 
can mask the limitations of a GC-MS analysis.
A compound undergoing gas chromatographic analysis will elute in 
one concentration vs time peak. In GC-MS analysis, a compound may be 
located by total ion current, however such measurement is no better 
than gas chromatographic analysis. Mass spectral analysis in 
conjunction with gas chromatography allows a greater differentiation 
between compounds in a complex gas chromatographic separation.
Drawing of a compound*s fragment intensity vs time allows the 
designation of time locations where the compound may exist. A common 
technique to search for the occurrence of a reference spectrum is to 
select a unique mass for such analysis. A thorough technique to 
measure the occurrence of a reference mass spectrum was. presented by 
Pesyna et al as previously discussed. This technique determines the 
area (in scan time *ion intensity) in which a reference mass spectrum 
may exist in unknown GC-MS data.
The approach of Pesyna et al to GC-MS data interpretation is 
illustrated in Figure 2. In this manner, a two dimensional plot of 
the occurrence of a reference mass spectrum may be extracted from 
three dimensional data.
If more than one peak forms in the allowable intensity for a 
reference mass spectrum, additional analysis parameters are required.
11
■M
Plot of Attributable 
Intensity vs Time 
for a Given Known MS
..A h N , ,
Time, in spectra 
  J t j r r r r i f f f f l
W
Mass Chromatograms 
for all Masses in 
a Given Known MS.
M
Time, in spectra
Figure 2. Evaluation of the Occurrence of a Known Mass Spectrum in 
in a Series of Unknown GC-MS Data via the Method of 
Pesyna et_ al. (14) ,
An additional analysis parameter is available using gas 
chromatographic retention. A compound may potentially occur within 
only a limited retention range. If more than one peak may occur in a 
mass spectrum’s intensity vs time plot, within the valid retention 
region, all GC-MS analysis parameters are satisfied. More definite 
analysis requires further knowledge of the sample under GC-MS 
analysis, or another analytical technique.
Pesyna and co—workers* technique would be optimized by 
integration with a relative retention index system. Such a 
combination would represent maximized utilization of available data,
12
and illustrate the limitations of such data. The intent of this study 
is to implement this combination of reverse mass spectral search with 
retention indices.
EXPERIMENTAL
Raw GC-MS data were generated with a DuPont 21-094B mass 
spectrometer and data system. The mass spectrometer scanning speed 
was modified to one scan cycle per 2.3 seconds, representing the 
fastest possible scanning speed without calibration difficulties. A 
Varian 2700 gas chromatograph, modified for capillary operation, was 
interfaced to the mass spectrometer. The DuPont data system 
incorporated a Hewlett Packard 2100A computer with a 16K 16 bit word
memory.
A series of programs were developed in Fortran IV to provide the 
DuPont data system with reverse search capabilities. The programs 
were developed in a DOS III environment, using disk files of library 
data. A HP 7900A dual 1.5M word disk drive, with removable top disk, 
was employed with the HP 2100A. Reverse search programs and library 
files were retained permanently on removable disks, but were copied to 
the lower disk for analyses. In this manner, various removable disks 
of GC-MS data could be interfaced with the analysis program.
Printouts of analytical results were generated during an analysis on a 
Tektronix 4012 terminal and 4610 hard copy unit.
13
RESULTS
An automated interpretative system was developed to supplant 
manual GC-MS data analysis. A reverse search strategy was determined 
to be preferable to forward search strategy because of the highly 
complex mixtures of mass spectra that are encountered in the 
environmental samples under investigation. The procedure allows an 
evaluation.of the presence of a reference spectrum in unknown mass 
spectra, in conjunction with a relative retention index system for 
optimal use of qualitative GC data.
Six individuals systems had to be created before the reverse 
search could be implemented. These included: 1. a reference mass
spectra system, 2. a retention index system, 3. a library for storage
and retrieval of reference data, 4. a program to purify reference 
spectra from GC-MS data (Program THREE) for the collection of
reference data, 5. a program to control data in the reference file
(Program TWO), and finally, 6 . the construction of the desired program 
itself (called Program ONE). Description of these systems follows.
Reference Mass Spectra
The various fragments of a given compound occur in constant 
intensity ratios to one another under reproduced mass spectral 
parameters. It is common practice to express the contributions of 
different fragments in relative abundance (RA) units. The most 
abundant fragment (the base peak) was assigned a relative abundance of 
100. Other fragments were then expressed in percentage points
14
relative to the base peak. The reference mass spectrum is thus 
composed of pairs of information on fragment mass and RA. This data 
may be used to describe a compound*s mass spectrum and thereby 
identify the occurrence of the compound in GC-MS data. Within the 
linear operating range of the instrument, the absolute intensity of a 
mass spectrum is proportional to the amount of compound analysed, thus 
quantification is possible.
Relative Retention Index
Relative retention index (RRI) systems have been routinely used 
by this laboratory for manual interpretation. The ARI system 
described by Bieri (16) and the KRI system described by Kovats were 
incorporated into the reverse search program to facilitate comparison 
of data. The version of the reverse search program used with the KRI 
system required modifying the format of the RRI, dropping the least 
significant figure and adding a digit in the 10^ place. The systems 
are otherwise entirely comparable. In the following, emphasis will be 
on the ARI system.
Library Structure
In order to perform a reverse search for a series of aromatic 
compounds, records describing the corresponding reference compounds 
must be available for use by the computer. This was accomplished by
creating a disk file that is read by the computer during analysis.
This file was designed to be read in records of 128 integer words, one
record for each reference compound. The reference file is ordered by
16
increasing ARI, thus the first record is of naphthalene (ARI=0) the 
last record is for benzo(ghi)perylene (ARI=600).
Each record in the reference file has 100 integer words reserved 
for mass and relative abundance data. Each of the 100 words contains 
two pieces of data: a fragment mass and the corresponding relative
abundance. The fragment mass is limited to a range of 1 to 640 amu, 
and the relative abundance data must be expressed by numbers between 1 
and 100. These data are compacted into a single word to reduce both 
reference file length, and to reduce the length of time necessary to 
read the disk. The fragment mass and relative abundance data are 
compacted into a 16 bit integer word (with range of expression from 
-32768 to 32767) in the following manner: The relative abundance data
are reduced by 1 resulting in a value between 0 and 99. Fragment mass 
is reduced by 320, yielding a possible value of -319 to 320. This 
reduced fragment mass is then multiplied by 100 and added to the 
reduced relative abundance. These efforts produce a compacted number 
describing mass spectral fragment in the range of -31900 (mass of 1 
with an RA of 1) to 32099 (mass of 640, RA of 100).
Decoding of the coded fragment data is accomplished by reversal 
of the compacting procedure while taking the absolute value of the RA 
remnant. Word 101 of the reference compound record stores the number 
of fragments in the reference mass spectrum. Word 102 records the ARI 
of the reference compound multiplied by 10 to allow one digit past the 
decimal point in integer number. (In use with the KRI system, the 
multiplication by 10 must be abandoned in order to allow the
17
additional descriptor in the 10^ position of these values). Words 
104-123 are used to record up to 40 alphanumeric characters of the 
compound name. Words 103, and 124-128 are available for parameters 
possibly useful in the future.
The library disk file was created with the Hewlett Packard 
Extended File Management Package (EFMP). The file was created on Pack 
Number (PN) 501, using 1800 sectors of disk area. One file, named 
ARILI, was set up on PN501 using 1200 of the available 1800 sectors. 
Thus, the limitation of storage space is 1200 reference records per 
disk. Access to the reference library may be gained with a Fortran 
program via HP EFMP EXEC commands, as will be discussed later.
Reference Spectra Acquisition
A computer program (Program THREE) was designed to facilitate 
compilation of reference data. Although it is possible to enter a 
reference record manually via Program TWO, it is more convenient to 
gather reference data from GC-MS records. Program THREE recognizes 
the phenomenon of mass chromatographic (MC) peaks that form due to the 
occurrence of a compound in a GC separation, and thus is capable of 
recognizing which masses may be relevant to the mass spectrum of the 
compound. Dromey ejt a^. (8) described this techique for spectrum 
purification. The method is defeated when mass chromatographic peaks 
are distorted due to common fragment masses of neighboring compounds. 
Distorted mass chromatographic peak profiles make MC peak time to
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compound assignment ambiguous, thereby increasing the difficulty of 
spectral purification.
Program THREE requests the location of the MS nearest the center 
in which all ions of a reference compound peak. The computer will 
then select the masses that form intensity peaks during the 5 mass 
spectra centered around the designated mass spectrum. For this select 
group of masses, exact peak center location is stored along with the 
ion counts (averaged for the three spectra nearest the peak center).
The operator is then presented with a table of peak center time versus 
summed abundance data, and asked to define the time interval for 
inclusion into the reference spectrum. The mass spectrum that may be 
included into the designated time location is presented to the 
operator. If the operator rejects the reference mass spectrum, a new 
time interval may be designated, or a new set of GC-MS data may be 
selected for an improved mass spectrum. If the operator accepts the 
mass spectrum, the computer will request the compound’s name and ARI. 
Finally the new reference spectrum is inserted by the computer into 
the appropriate position in the reference record file.
The majority of reference spectra in this study were extracted 
from identified unknowns in archived GC-MS data. A smaller number of 
reference spectra (approximately 100) were taken from the analyses of 
standards.
19
Data Control
A second program (Program TWO) was designed to edit the data on 
the reference disk file. Program TWO allows the user to display, 
alter, input, or delete reference data. The display function will 
plot the reference mass spectrum, name and ARI of a specified 
compound. This allows checking the record and referencing the library 
data. The alter function of Program TWO allows changing the ARI or 
compound name in a reference record. It also allows the addition and 
deletion of fragments in a reference mass spectrum. The input 
function of program TWO provides for a manual input of a reference 
record, thus supplementing Program THREE. The input function may be 
involved in cases where reference compounds are unavailable, but 
reference data are published. The delete function allows removal of 
an unwanted record, and subsequent repacking of the reference file 
over the vacancy.
Reverse Search Program
The program named ONE was created to perform the desired goal of 
this project: reverse search of unknown GC-MS data with regard to
retention. The program is in the most general terms an interaction 
point between reference records and unknown GC-MS data with periodic 
status reports of the interaction sent to the user. This program may 
be divided into three sections. In the first section, certain 
variables must be defined before the analysis may be performed. In 
the second section, a repetitive cycle is carried out once for the
20
interpretation of each reference compound. The third and final 
section of Program ONE is the closure of the files accessed during 
analysis. The three divisions, and their respective steps are 
outlined in Figure 3.
The central interpretative part of Program ONE includes the 
following basic steps: In the first step, a reference record of a
compound is read from disk to computer memory. The second step 
involves calculating where the compound could occur in the unknown 
data and thus define a window (a series of unknown mass spectra) for 
further investigation. The third step involves evaluation of the mass 
spectra in the analysis window for intensity attributable to the 
reference mass spectrum. The fourth step is to interpret these 
intensities for a peak profile (a requirement of GO analysis).
Finally, the reference compound name is printed along with any 
observed peak data. The computer is then free to return back to the 
first step for the next compound under investigation, until an end of 
file mark is reached for either the reference or the GC-MS files.
Reverse Search Analysis Parameters
Early development work on the reverse search program demonstrated 
that some uncertainty existed in both relative index and reference 
mass spectra. Slight changes in ARI and reference MS are inevitable 
and must be accommodated. Parameters were designed into Program ONE 
to deal with these uncertainties in both reference and unknown GC-MS 
data.
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Three analysis parameters mut be defined upon initiation of 
Program ONE: IWNDO, MINCD and N2REJ. Analysis parameters IWNDO and
MINCD are factors that allow for uncertainty in ARI and MS data, 
respectively. The third parameter, N2REJ, was necessary to allow for 
the presence of minor irrelevant fragments in the reference mass 
spectra. Values required for this third parameter would decrease to 
zero if the irrelevant fragments could be recognized and eliminated 
from the reference data. These three parameters are designed to 
permit successful analysis using reference and GC-MS data of various 
qualities. Increasing the value of these parameters allows greater 
differences to exist in the matching of reference and unknown data.
The variable IWNDO (mnemonic for integer half window) defines the 
number of spectra to be analyzed on either side of the unknow spectrum 
of predicted occurrence for the reference compound. Acceptable IWNDO 
values are from I to 12 spectra. Two factors are of importance to the 
selection of an optimum IWNDO value. First, a wide enough range must 
be adopted to insure analysis of the compound over the region where it 
may be significantly represented. Second, the range for analysis must 
be limited to the region where the compound may possibly occur.
The maximum standard deviation of ARI observed in a 27 compound 
standard mixture analysed 14 times on one column was 0.63 ARI units 
(20). Working at a 95% confidence level would necessitate observation 
of i 3 standard deviations form the average ARI, or ± 2 ARI units.
Two ARI units may translate to a maximum scan time equivalent of 3
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spectra, if evaluated within the ARI range of 100 to 200 where each 
ARI unit corresponds to about 1.4 scans.
The allowable range of IWNDO values is in excess of the 
statistically required range. This is necessary to allow full 
base-to-base peak analysis, and to allow flexibility with other 
systems that may be less accurate than the one used. Experimentation 
with values of IWNDO has led to common use of 4 spectra for this 
parameter, thus 9 unknown spectra are evaluated for each reference 
compound.
Ideally, the fragments produced by the mass spectrometry of a 
compound will occur in constant intensity relationships with one 
another. In practice, relative fragment abundances may vary by 
several percent. In the case of the system used in this experiment, 
the accuracy with which fragment ions can be measured varies with the 
square root of the total number of counts (21). Quantification via 
the technique of Pesyna ^t aJL. is based on mass spectral intensities. 
Error in this quantification in thus proportional to the square root 
of the absolute intensity of the mass spectral fragments. The 
variable MINCD was designed into Program ONE to allow a threshold 
minimum count for the determination of intensity attributable to a 
reference spectrum contained in an unknown spectrum. Limitation of 
the quantification to ions with counts of 100 ions or more will 
provide a relative error of less than 10% with each of the allowed 
fragments in the unknown data. It is desirable to use as many 
fragments as possible to define the occurrence of a known spectrum in
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unknown GC-MS data, thus insuring a greater resistance to interference 
from neighboring compounds with masses in common with the reference 
compound. An optimum MINCD value therefore depends on two factors; 
first, the error associated with the ion counts used in 
quantification, and second, the number of intensities that are usable 
for the quantification. The number of intensities usable for 
quantification is a value that is determined by the number of 
fragments in the reference MS, and the number of fragments in the 
unknown GC-MS data that fall above the MINCD threshold intensity. 
Experimentally, a MINCD value of 10 has been found to compromise 
between the error of the single measurement and the accuracy afforded 
from multi-measurement compound definition.
The variable N2REJ (for the "number at which to reject") was 
designed to permit successful operation of Program ONE with varying 
amounts of irrelevant fragments in the reference MS. Irrelevant 
fragments occur in reference mass spectra due to the possible 
difficulty in separating relevant from irrelevant fragments.
Experience has demonstrated that the majority of irrelevant fragments 
are of low RA. Fragments of low RA are often invaluable parameters 
for defining a compound, hence they are included in this analysis.
The problem of impurities in principle is simple to solve: a
comparison of reference mass spectra from several standard analyses, 
or from very pure standards, should provide superior reference 
spectra. This problem was not treated because of the time that would 
be involved in such multiple standard analyses. The value of N2REJ
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defines the sum of missing ions in the reference spectrum (in percent 
of the total reference mass spectrum) that defines the absence of a 
reference mass spectrum in an unknown mass spectrum. This places 
greater importance on the more abundant fragments, i.e. if N2REJ is 
set at 8%, the absence of four 2% fragments or one 8% (or any other 
combination totalling N2REJ% or more) terminates the analysis for the 
mass spectrum of the reference compound in the unknown mass spectrum. 
N2REJ may be described as controlling qualitative analysis by mass 
spectrometry, with greater values for this parameter allowing greater 
dissimiliarity between the reference and unknown MS with a positive 
identification.
GC-MS File Parameters
Some information about the GC-MS analysis data set is required 
before a reverse search can be performed by Program ONE. This 
includes defining the GC-MS data set that is to be analyzed and 
establishing the retention times for the marker compounds. The GC-MS 
data files of the DuPont 21-094B data system are accessible via 
Hewlett Packard Executive Extended File Management Package commands. 
The GC-MS data files are all recorded on Pack Number 111, with a five 
character (two letters, three numbers) file name assigned at the 
initiation of the GC-MS analysis. This file name must be given to 
Program ONE, along with specific information necessary to locate the 
marker compounds in the GC-MS data set.
Reference Record Access
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Reference data may be read from the reference file, as may GC-MS 
data, by a Fortran program via the use of Hewlett Packard Executive 
Extended File Management Package commands, or HP EFMP EXEC* Three 
such commands are the minimum necessary sequence for such access, and 
are presented below:
CALL EXEC (24,1,IOPNTB,N,ITRBUF,NOTRB,2,IERROR)
CALL EXEC (24,4,IFNA,IPKN,M,ISC,K,IERROR)
CALL EXEC (24,6,IFNA,IRCN,IBUF,IERROR)
The first command initiates EFMP abilities by setting up opened 
file table buffers, track buffers, etc. The second command opens the 
desired file (IFNA) on the desired pack (IPKN) to allow access to the 
file by record number in EFMP. The third command creates a copy of 
the desired record number (IRCN) into a given buffer (IBUF). Complete 
explanation of EFMP EXEC details are available in a HP DOSIII manual. 
In practice, checks are made for error messages during EFMP commands. 
The first two commands listed above need to be executed only once 
until the file is closed. The effort to gain EFMP access to the files 
(GCMS and Library) in the programs of this project has been reduced by 
combining the first two commands into a subroutine called 0PEN1 (See 
Appendix) that only requires the desired file name and pack number be 
specified.
Once the desired reference record is read into a buffer, it must 
be decoded for use. This includes unpacking of the mass-relative
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abundance data and restoration of the true ARI value, as described in 
the Library Structure section. A typical reference file record is 
presented in decoded form in Figure 4.
Retention Prediction
The next step in the reverse search analysis is to predict where 
in the GC-MS data the reference compound could occur. This is 
performed by converting the characteristic RRI of the reference 
compound into the equivalent retention time of the GC-MS analysis. A 
Fortran function CHNGE (See Appendix) was designed to interconvert ARI 
and retention time (RT). Use of CHNGE requires that the RT and ARI of 
the retention standards are placed into buffers during initiation of 
Program ONE for the interconversion calculations. The buffers must be 
held in common between the main program and CHNGE. The CHNGE function 
is invoked by the general form:
Y=CHNGE (X,R2S)
whereby, if R2S is positive, X is converted from an RRI value into an 
RT value and result is stored in Y. If R2S is negative, X is 
converted from an RT value into a corresponding ARI value and the 
result is stored in Y. If an X is sent for conversion that falls out 
of range, a negative CHNGE value is returned, where a -1 specifies 
before, and -2 specifies after, possible conversion range.
Uncertainty in compound retention and compound peak width 
requires that a number of mass spectra be investigated before and 
after the predicted retention for the reference compound. The number
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of spectra that must be analyzed before and after the predicted 
retention time is designated by the analysis parameter IWNDO. The 
window for reverse search analysis is thus defined by the mass spectra 
between and including (CHNGE (ARI,1)-IWNDO) to (CHNGE(ARI,1)+IWNDO).
Reference Evaluation in Unknown MS
The mass spectra that are included within the window for reverse 
search analysis must be analyzed one at a time. This is accomplished 
by a method adapted from the work of Pesyna et al. (14). This method 
is illustrated with a computer printout of the analysis procedure 
(Figures 5 to 7) available by using a version of Program ONE called 
Program HOW, altered to illustrate the intermediate numeric values of 
the reverse search. Figure 5 shows the results of an analysis of the 
first spectrum (#78) in the search window for the compound 1-methyl 
naphthalene.
A negative result was determined in the analysis presented in 
Figure 5 due to the absence of the reference mass spectrum in the 
unknown mass spectrum within the specified value of N2REJ. A positive 
result was later determined in the search for this compound as 
illustrated in Figure 6 . The intermediate step between analysis and 
user printout is presented in Figure 7.
The search for 1-methyl naphthalene was performed in a relatively 
simple region of the GC-MS data from analysis of sample STATION J.
The reconstructed gas chromatogram of this area of the GC-MS
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analysis is presented in Figure 8-A. A bracket is drawn over the 
search window of scans 77 to 89.
A second example will be presented from a region of GC-MS data 
that is more complex. This example will center on the search for 
fluorene, which is known to occur at an ARI of about 132. This 
reference retention index is changed into a scan location that the 
search window is centered on. The search window is then defined as 
the predicted retention time plus and minus the vaue of the IWNDO 
parameter established in program initiation. This window is drawn 
over scans 211-223 in Figure 8-B.
Each unknown mass spectrum in the search window is analysed for 
the occurrence of the reference mass spectrum. The results of this 
mass spectral evaluation for two of the unknown mass spectra are 
presented in Figures 9 and 10. The fluorene search is carried out in 
a region of high background, as apparent in Figure 8-B. Two major 
components, and several minor components are obviously present. A 
number of compounds contribute to the background.
Interpretation of Observations
As the spectra in the analysis window are analyzed, the computer 
program records the number of ions attributable to the reference 
spectrum. When all spectra have been analyzed, the sum of ions 
attributable to the reference compound versus the spectrum number is 
analyzed (for the occurrence of peaks). If one or more peaks are 
found, their exact centers are found along with equivalent ARI, peak
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boundaries, peak area (in scan time *ion count), and peak with closest 
ARI to the reference compound. The intermediate step between analysis 
and user printout is presented in Figure 11.
The intensity attributable to the spectrum of fluorene within its 
search window is summarized in Figure 11. A graphical output of this 
data is presented on the reconstructed gas chromatogram in Figure 12. 
Small peaks were observed at either end of the major fluorene peak.
The fluctuation in intensity has three possible causes. First, mass 
spectral distortions over the elution interval of the compound may 
have led or contributed to apparent fluctuations in the ideal mass 
spectrum. Second, the presence of a complex mixture of unresolved 
compounds (or *noisef) may have led or contributed to the observed 
results. Third, a compound exhibiting an essentially similar mass 
spectrum may have eluted in the vicinity of fluorene. This 
possibility often arises, as illustrated in the next sample for the 
analysis of 1-methyl phenanthrene.
The reverse search for 1-methyl phenanthrene occurred in a very 
complex chromatographic region of the GC-MS analysis of sample STATION 
J. This region is characterized by severe peak overlap, and a large 
background to peak ratio (approximately 5:1). Manual GC-MS 
interpretation of regions similar to this require a great deal of 
skill. The intermediate reverse search results (from Program HOW) are 
summarized in Figure 13. This data is presented in graphical form in 
Figure 12.
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Two major peaks were observed in the search window for the 
reference spectrum of 1-methyl phenanthrene. This is due to the 
occurrence of structural isomers of methyl phenanthrene in the 
analysis window. The structural isomers of a compound often exhibit 
similar mass spectra and retention. The reference mass spectrum of 
1-methyl phenanthrene, and one other compound referred to as me-178 is 
presented in Figure 14. The exact identity of this me-178 (an 
abbreviation for a methyl derivative of a compound of M.W. 178) was 
not established, although it is known to be a methyl phenanthrene or 
methyl anthracene from a previous GC-MS analysis of a mixture of these 
compounds. The mass spectra of the two compounds, in addition to the 
retention index, is very similar. Five isomers of me-178 compounds 
are presently in the reverse search library. Three more may 
potentially be defined for methyl phenanthracenes/anthracenes.
Analysis Output
The final step for the reverse search analysis for any compound 
is to provide a concise output of the computer interpretation. An 
exaple of the data output for analysis of aromatic compounds is 
presented in Figures 15A-C. Following the report on each compound, 
the computer proceeds to the next reference compound until an end of 
file mark is reached to either the GC-MS data or the reference 
library. A second example is presented in Figure 16 A-B for the 
analysis of pesticides and polychlorinated biphenyls in the same GC-MS 
data set.
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DISCUSSION
The presence of an unresolved complex mixture (UCM) in some 
circumstances defeats the ability of Program ONE to establish the 
absence of a given reference compound. This is usually due to 
intensity occurring at all masses during the window of potential 
occurrence for a given compound. It presently represents a severe 
limitation with the interpretation of the data. An analogy is the 
ability to filter a known signal from a noise signal. It is possible 
to define the maximum potential contribution of the signal to the 
noise. However, it is impossible to definitively say if the given
known signal, or some combination of other signals, contributed to the
noise. An unresolved complex mixture is composed of the mass spectra 
of a finite (but unknown) number of components at various but
relatively small concentrations. It is presently impossible to make
definitive statements about the composition of the UCM from an unknown 
sample. Two approaches may be taken in this case. First, chemically 
separate the components into less complex mixtures, and perform 
analyses on the fractions. A second approach is to determine the 
potential intensity attributable to a reference spectrum. If alarming 
results are produced (i.e. for the concentration of a highly toxic 
compound), only then would further efforts be expended on a more 
definitive chemical separation.
A second problem encountered in this reverse search program is 
the acquisition of high quality reference spectra. Reference spectra 
quality is a factor that controls the quality of the reverse search
50
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analysis. There are three factors in the quality of a reference 
spectrum: 1 ) the inclusion of irrelevant fragments, 2 ) the exclusion 
of relevant fragments, and 3) improper assignment of relative 
abundance relationships for ions of different m/e. Factors 1 and 2 
affect the qualitative analysis, and all three factors affect the 
quantitative analysis performed by Program ONE.
The inclusion of superfluous fragments in a reference mass 
spectrum will cause the consistent rejection of this compound in the 
search, except in cases where the same impurity fragments occur along 
with the reference compound in the unknown data. Such impurity 
fragments may be due to a compound that co-eluted with the reference 
compound used for a reference spectrum (in the cases where a pure 
reference compound was unavailable). Such an impurity may occur 
intermittently with the referene compound, hence complicating 
recognition and removal of excess fragments. The analysis variable 
N2REJ was designed to allow analysis to continue in the event of the 
above problem. Analysts are free to set the value as low as the 
quality of the reference mass spectra will permit. If an excessive 
amount of impurities is present in the reference mass spectrum, the 
reverse search program will erroneously report the corresponding 
reference name as not present. A second possible result from a mixed 
reference spectrum is the reporting of the area where the mixture 
occurs, with the corresponding (but incorrect) compound name.
Exclusion of relevant fragments from a reference mass spectrum 
causes a variable degradation in the qualitative, and constant
52
degradation in the quantitative analysis of the reference compound in 
the unknown data. Qualitative analysis is affected by such missing 
fragments when the fragment is a definitive factor in determining the 
occurrence or absence of the reference compound. This is most likely 
to be the case if the fragment is in the high mass range, as such 
fragments tend to be more definitive (22). The evaluation of 
reference against unknown mass spectra is thus carried out from high 
to low mass in order to increase analysis efficiency. Quantitative 
analysis is affected in that the missing fragment abundances will not 
be included in the area found attributable to the reference compound. 
This quantitative problem will manifest itself in a consistent percent 
error in the area attributed to the reference compound.
The improper assignment of relative ion abundance relationships 
in a reference mass spectrum will also affect the quantification of a 
reference compound. This factor represents a significant difficulty 
in producing good quantitative results. In a particular instrument 
and at a constant partial pressure, the relative ion abundances in a 
mass spectrum remain constant. In the GC-MS separation, the 
concentration of a sample is changing as a peak is eluted and this 
change can distort the observed mass spectrum (23). This problem is 
illustrated in Figure 17. A reference spectrum may account for only a 
fraction of the intensity exhibited by the mass spectrometry of the 
same compound during a GC-MS analysis. Assignment of the true average 
relationships in a reference mass spectrum will provide the most 
complete utilization of spectra that are distorted in favor of the
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lower weight fragments during initial buildup of a peak’s 
concentration, and distorted by magnification of the intensities of 
the higher weight fragments during subsidence of the peak’s 
concentration (assuming higher weight fragments are sampled a finite 
amount of time before lower fragment masses during collection of the 
mass spectrum). Improperly assigned relative abundance relationships 
in a reference mass spectrum may produce unpredictable results, 
including odd peak shapes of intensity attributable to observed GC-MS 
data.
It may be possible mathematically to correct the distortions of 
sampling on an observed unknown mass spectrum. If such a solution is 
possible, it will be a function of GC peak width, sampling frequency, 
mass-time relation within a scan, fragment intensity change, and 
potentially other factors including knowledge of components in the GC 
peak. Solution of this problem was not attempted, hence the results 
of Program ONE are described as semiquantitative. Optimization of 
these semiquantitative results may be possible by creating a response 
factor for each reference spectrum, plus a certainty factor for the 
number of observed mass spectra used in quantification and hence 
express how closely the observed is likely to conform to the averaged 
reference mass spectrum.
It is possible to optimize the relative abundance relationships 
in a reference mass spectrum. This was observed by collection of 
several reference mass spectra from several GC-MS analyses of the same 
compound. Different quantitative results were provided by these
55
reference spectra when used to analyze test GC-MS data. The reference 
mass spectrum that consistently produced the largest quantitative 
value of the test data was selected as the best representation of the 
reference mass spectrum. In many cases, two reference spectra 
produced similar (differing by only a few percent) quantitative 
results and often neither was consistently more efficient in use of 
test data. Efforts have been made to develop a routine for 
optimization of reference mass spectra (24). Such efforts reduce the 
amount of work required in selecting optimum reference data.
CONCLUSION
Program ONE has demonstrated itself as a useful tool to quickly 
evaluate the potential occurrence of a series of reference spectra in 
unknown GC-MS data. The qualitative data thus provided are limited by 
the quality of the reference data, and in some cases, the complexity 
of the GC-MS data. The results of Program ONE are frequently too 
complex to be arrived at manually without extended tedious 
calculations. The quantitative results are expressed as scan time 
*ion count and are admittedly only semi-quantitative due to the 
approximate nature of reference mass spectra.
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